Abstract A new method to increase the active area (A act ) of nanoelectrode ensembles (NEEs) is described. To this aim, gold nanoparticles (AuNPs) are immobilized onto the surface of NEEs using cysteamine as a cross-linker able to bind the AuNPs to the heads of the nanoelectrodes to obtain the so-called AuNPs-NEEs. The analysis of the cyclic voltammograms recorded in pure supporting electrolyte showed that the presence of the nanoparticles reflects in an, approximately, ten-times increase in the electrochemically active area of the ensemble. The measurement of the amount of electroactive polyoxometalates, which can be adsorbed on the gold surface of NEEs vs. AuNPs-NEEs, confirmed a significant increase of active area for the latter. These evidences indicate that there is a good electronic connection between the AuNPs and the underlying nanoelectrodes. The possibility to exploit AuNPs-NEEs for biosensing application was tested for the case of DNAhybridization detection. After immobilization on the gold surface of AuNPs-NEEs of a thiolated singlestranded DNA, the hybridization with complementary sequences labeled with glucose oxidase (GOx) was performed. The detection of the hybridization was achieved by adding to the electrolyte solution the GOx substrate (i.e., glucose) and a suitable redox mediator, namely the (ferrocenylmethyl) trimethylammonium (FA + ) cation; when the hybridization occurs, an electrocatalytic increase of the oxidation current of FA + is recorded.
Introduction
Nanoelectrode ensembles (NEEs) are electrochemical nanodevices fabricated by the electroless or electrochemical deposition of metal fibers within the pores of a templating membrane [1] , typically, track-etched polycarbonate membranes. The final assembly is a 2D composite device (herein called 2D NEE), constituted by inlaid nanodisc electrodes embedded in the insulating polymer.
2D NEEs present some unique characteristics, such as highly improved signal-to-background current ratio, very low detection limits, high sensitivity to charge transfer kinetics [2, 3] ; moreover, they are suitable to extreme miniaturization. However, 2D NEEs show some limits in all those applications where systems with high electroactive area are required, for instance, in the case of electrochemical devices and sensors based on the use of electroactive molecules or redox mediators immobilized on electrode surfaces.
Recently, it was shown that 3D ensembles of metal nanowires can be obtained by plasma [4] or chemical etching [5] of 2D NEE. Such 3D NEEs have been successfully applied to prepare advanced electrochemical sensors [6, 7] . However, the etching causes an increase of the capacitive doublelayer charging current and a consequent decrease of the signal/background current ratio [7] , so losing one of the advantages of NEEs.
In the present work, a new strategy to fabricate 3D nanostructures on NEEs is proposed with the goal of increasing the nanostructured metal surface. A way to achieve this goal is based on the immobilization of gold nanoparticles (AuNPs) on the gold surface of the nanoelectrodes of a NEE by exploiting the binding properties of bifunctional thiols [8] . The gold surface is then functionalized by molecular recognition elements keeping as unaltered as possible the characteristics and analytical advantages of 2D NEEs. In such a way, it is possible to prepare electrochemical biosensors with improved capabilities as far as the high loading of biorecognition molecules and analytical sensitivity are concerned.
The analytical usefulness of such AuNPs-NEEs is demonstrated by exploiting the binding capabilities of thiolated oligonucleotides [9] to immobilize single-stranded DNA (ssDNA) probes on the AuNPs deposited on the NEE. The hybridization with complementary target strands is detected electrochemically using glucose oxidase (GOx) as the enzyme label bound to the target sequences and a ferrocene derivative as redox mediator [10] .
The obtained experimental results constitute a proof of concept of the feasibility of a NEE-based electrochemical system with improved bioelectrochemical detection properties.
Experimental

Materials and apparatus
Trisodium citrate dihydrate was from Merck; cysteamine hydrochloride, phosphomolybdic acid, H 3 PMo 12 O 40 (PMA), and glucose oxidase (GOx) from Aspergillus niger and the cross-linker sulfosuccinimidyl 4-[N-maleimidomethyl]-cyclohexane-1-carboxylate (sulfoSMCC) were all purchased from Sigma Aldrich. The salt (ferrocenylmethyl) trimethylammonium hexafluorophosphate (FA + PF 6 − ) was prepared by metathesis of the (ferrocenylmethyl) trimethylammonium iodide (Alfa Aesar) with potassium hexafluorophosphate 99 % (Alfa Aesar). Dithiothreitol (DTT) was from AppliChem. All other reagents were of analytical grade and were used as received. Purified water was obtained using a MilliRo plus Milli-Q (Millipore) water purification system. Chloroauric acid was prepared dissolving an amount of metallic gold in aqua regia, heating the acidic solution under stirring and concentrating it by evaporation. Afterward, three subsequent additions of 1.2 M HCl and two additions of water were done. The solution was concentrated every time. The gold plating solution (sodium gold sulfite, Na 3 [Au(SO 3 ) 2 ]) was easily prepared starting with the reaction of chloroauric acid and a slight excess of sodium bicarbonate. This reaction allows the formation of sodium chloroaurate (Na (AuCl 4 )). The solution was allowed to concentrate until orange crystals were formed. At this point, the procedure reported by Abys et al. [11] was followed, adapting the various concentrations at the initial concentration of metallic gold used by us for the synthesis of chloroauric acid.
The chloroaurate crystals were dissolved in water, heated at 80°C under stirring, and then barium hydroxide was added to the stirred solution, causing a color change to brown. Subsequently, NaOH, preferably as concentrated aqueous solution, was added and the temperature was increased to boiling. The pH of this solution should be between 6 and 8. After adjusting of pH, the solution was cooled and filtered. The precipitate was repeatedly rinsed with small amounts of cold water. Then, the precipitate was dissolved in water and the solution was heated at 50°C under stirring. The solution was then cooled and the precipitate was collected. Heating, cooling, and filtration were repeated two times.
The final precipitate was dissolved in water, brought to 60-65°C, and subsequently, Na 2 SO 3 was added under stirring. The solution was kept at this temperature until a purple precipitate was formed with disappearance of the previous brown precipitate. The solution was finally filtrated and kept in the dark until use.
Thiolated ssDNA (SHD1) and complementary thiolated ssDNA (SHD2) were purchased from Sigma Aldrich and had the following sequences:
SHD1: HS-5′ GTGGAAAGTGGCAATCGTGAAG 3′ SHD2: HS-5′ TTTTTTCTTCACGATTGCCACTTT CCAC 3′ All oligonucleotides stock solutions (100 μM) were prepared in TE buffer (50 mM Tris, 100 mM NaCl, 1 mM EDTA in pH 7.4) and kept frozen until use.
NAP™-5 and NAP™-10 columns prepacked with Sephadex™ G-25 DNA Grade were from GE Healthcare. Ultrafiltration devices (Vivaspin6 30000 MWCO) were purchased from VWR.
The purification of the DNA-enzyme conjugate was carried out by fast protein liquid chromatography (FPLC; GE Healthcare, Äkta Explorer) using a MonoQ 5/50 GL column. Track-etched polycarbonate (PC) membrane filters were obtained from SPI-pore™ with nominal pore diameter of 30 nm, average pore density of 6×10 8 porescm −2 , and coated with polyvinylpyrrolidone by the producer. All electrochemical measurements were carried out at room temperature with a CH660A potentiostat controlled via personal computer by its own software, using a three-electrode single-compartment cell equipped with a platinum counter electrode and an Ag/AgCl (KCl saturated) reference electrode, to which all reported potential values are referred.
Synthesis of ssDNA conjugated with GOx (D2-GOx)
The complementary strand (SHD2) was conjugated with glucose oxidase (GOx) using sulfoSMCC methodology as previously described [12] . Briefly, 100 μL of a 100 μM SHD2 solution was incubated with DTT (60 μL of a 1 M DTT) overnight at 37°C to allow for the reduction of disulfide bonds. Before coupling, reduced SHD2 was purified by use of NAP5 and NAP10 size exclusion column. GOx was firstly desalted through a short-size exclusion column (NAP5) and then 400 μL of the final solution (60 μM ca.) was added to 100 μL of 2 mg sulfoSMCC in dimethylformamide. The activation reaction was allowed to proceed for 1 h in dark at RT, and during this step, sulfoSMCC is coupled to the GOx surface through reaction with lysine amino groups. After the reaction completion, activated GOx was purified by NAP5 and NAP10 column using 0.01 M PBS pH 7.4 as elution buffer. The buffer solutions of SHD2 and activated GOx were immediately combined and incubated in the dark for 3 h at RT. After incubation, the buffer was exchanged to 20 mM Tris pH 8.2 using an ultrafiltration device (Vivaspin6 30000 MWCO) and D2-GOx purified using FPLC system with an ion exchange column. The fractions containing the conjugate were collected, concentrated, and redissolved in 0.01 M PBS, pH 7.4.
Synthesis and characterization of gold nanoparticles (AuNPs)
AuNPs were synthesized by reduction of tetrachloroauric acid by trisodium citrate following the method described by Gooding et al. [13] . The final colloidal gold solution was kept in the dark until use. The obtained AuNPs were characterized by UV-vis spectrophotometric measurements performed on the obtained colloidal gold solution. In the latter case, the average diameter of the AuNPs was calculated by using the equation proposed by Haiss et al. [14] , . Note the different scales on the y-axis. (b) Plots of the charging current (Ic) vs. scan rate where B 1 03.00, B 2 02.20 and A spr and A 450 are the absorbance at the surface plasma resonance peak and at 450 nm, respectively. In our case, d resulted equal to 16±2 nm.
This value agrees quite well with data obtained by transmission electron microscopy (not shown) which confirmed the presence of spherical nanoparticles with an average diameter of approximately 20 nm.
Electrode preparation and functionalization
Fabrication of NEEs and modification with AuNPs
Growth of the nanoelectrodes in track-etched polycarbonate membranes was performed according to the electroless procedure proposed by Menon and Martin [1] and following modifications [15] .
2D NEEs were assembled, according to the scheme shown in Fig. 1 , from pieces of golden membrane, as previously described [16] . The final geometric area (A geom ) of the NEEs is defined as the overall area of the ensemble (templating polycarbonate + nanoelectrodes) exposed to the electrolyte solution [1] . As in Fig. 1 , A geom is determined by the diameter of a hole punched in the outer insulating tape (component (d) in Fig. 1 ). The diameter of the hole typically used in our lab is 0.3 cm, so that A geom for the NEEs used here is 0.07 cm 2 . AuNPs-NEEs were prepared exploiting interactions between the gold surface (the metal surface of both NPs and nanodisc electrodes) and specific functional groups (−SH, −NH 2 ) of cysteamine [17, 18] .
For the modification of NEE with cysteamine, the electrode was dipped overnight (16 h ca.), into a 10 mM cysteamine solution in water. Preliminary experiments showed that this treatment performed on NEEs does not change their electrochemical performances. Cysteamine is to be preferred to dithiols because it cannot form multilayers or disulfide bridges [13] . Previous studies showed that SH terminal groups bind preferentially to gold surfaces leaving the amino groups available for the subsequent NPs immobilization [13] . The formation of a 3D structure takes place through the attachment of the nanoparticles to the free amino functionalities present on the monolayers, by weak covalent bonds [19, 20] .
The NEE modified with SAMs (cyst-NEE) was then immersed into the colloidal gold solution, prepared as described before. The incubation was allowed to proceed for 8 h at RT.
In order to ascertain whether the presence of SAMs effectively favors the immobilization of NPs, comparison samples were prepared by incubating a not thiolated NEE into the NPs colloidal dispersion for 8 h.
Functionalization of AuNPs-NEEs with oligonucleotides
Five microliters of a 2 μM SHD1 solution in 10 mM TE buffer (pH07.2) with 1 M NaCl was spotted onto the geometric area of an AuNPs-NEE at RT. Note that the electrostatic repulsion between oligonucleotides is minimized [21] and a high coverage of the electrodic surface can be achieved by operating at high ionic strength.
After 1 h, the electrode was accurately rinsed with TE buffer and subsequently spotted with 5 μL of 2 μM target conjugated with GOx (D2-GOx) in 10 mM TE buffer (pH07.2) with 1 M NaCl. Also in this case, after 1 h of incubation, the NEE was rinsed by immersion in TE buffer for ten more minutes and allowed to dry in air. The same functionalization steps were performed, for comparison, on a bare NEE. The overall functionalization scheme is summarized in Fig. 2 .
Results and discussion
Electrochemical characterization of AuNPs-NEEs Figure 3a compares the cyclic voltammograms recorded at a bare NEE (full line), with those obtained with a not thiolated NEE (dotted line) and a cyst-NEE (dashed line), both immersed for 8 h into the colloidal gold solution. The characterization was performed in pure supporting electrolyte (1 mM KNO 3 ) at 50 mVs −1 . Signals recorded in these experimental conditions correspond indeed to the double layer charging current, given as [22] :
where v is the voltammetric scan rate, C dl is the double layer capacitance of the metal/electrolyte interface and A act is the active area (i.e., the metal surface of the nanoelectrodes exposed to the electrolyte solution) of the NEE. I C was evaluated from the CVs in Fig. 3a as 1/2 ΔI at 400 mV, where ΔI is the difference in current recorded during the forward and backward scan [22] . The comparison between the full and dotted-line CVs in Fig. 3a indicates that in the absence of cysteamine, the double-layer charging current is not influenced by the treatment with the NPs since the nanoparticles cannot bind to the gold surfaces of the NEE. On the other hand, the CV for the cyst-NEE treated with AuNPs (dashed line) shows a dramatic increase in capacitive current, which can be attributed to a significant increase in active area related to the binding of the AuNPs onto the NEE.
As shown in Fig. 3b , I C scales linearly with v both for the bare NEE and for the cyst-NEE treated with AuNPs, with a significant increase of slope for the latter case.
In principle, the analysis of the background CVs recorded at different scan rates could allow one to calculate A act by applying Eq. (2) [16] . However, performing the exact calculation here would require the quantification of the change in C dl caused by the modification of the NEE with cysteamine and AuNPs, which is indeed unknown. Note that the AuNPs are citrate-coated so that their double layer capacitance can be different from the one of a bare gold surface. This notwithstanding, the results presented in Fig. 3 demonstrate, unequivocally, that a significant increase in active area is caused by the treatment of the NEE with cysteamine and AuNPs. Figure 4 shows the CVs recorded both at a bare NEE and at an AuNPs-NEE in 0.1 mM FA + , 10 mM PBS (pH 7.0) at 10 mVs −1 , which is in the presence of a soluble redox probe of well-known electrochemical behavior, namely the FA + cation [1] . These CVs put in evidence that, in the presence of the AuNPs, the active area increases; consequently, the capacitive current increases (dashed curve). However, the reversible oxidation of FA + is still well resolved and its oxidation peak current is comparable to the one recorded with the bare unmodified NEE. The fact that the net Faradaic peak current does not increase with the deposition of the AuNPs, while the capacitive current increases, is related to the fact that NEEs (even AuNPs-NEEs) operate in total overlap diffusion regime [16] ; under such condition, I p (peak current) depends on A geom while I C depends on A act [1, 7] . Note that with the deposition of the AuNPs, A geom does not change.
Data in Fig. 4 demonstrate that AuNPs immobilization does not block the electrochemistry of the NEEs and that AuNPs are electrically connected with the nanoelectrodes.
A further characterization was made in order to quantify the increase in active area and change in roughness, when passing from a 2D NEE to a more complex 3D structure.
To this aim, both a bare NEE and AuNPs-NEE were treated with a probe, namely phosphomolybdic acid (PMA), which is electroactive and which adsorbs on gold surfaces, forming a monolayer [23] . To achieve this, both the NEE and AuNPs-NEE were immersed for 1 h at RT in a 5 mM PMA solution. Subsequently, the electrodes were rinsed with water and characterized by cyclic voltammetry in 0.5 M H 2 SO 4 [7] . Figure 5 reports a comparison between the CVs recorded at different scan rates at a bare NEE (Fig. 5a ) and at an AuNPs-NEE (Fig. 5b) , both treated with PMA and transferred into pure supporting electrolyte. The voltammograms show two reversible processes, which correspond to the following consecutive reduction steps: In both cases, the peak current values depend linearly on the scan rate, indicating a surface process related to molecules adsorbed on the gold surface of the NEE.
The electrochemical signal of the PMA is significantly higher at the AuNPs-NEE (Fig. 5b) in agreement with the higher active area due to the presence of the nanoparticles. Figure 6 shows the comparison between the voltammograms relative to both NEEs recorded at 10 mVs −1 .
By integrating the first reduction peak, it is possible to obtain the charge value (Q) associated with the peak. From this value, the number of moles adsorbed (m) onto both NEEs was calculated, by the following equation:
where n is the number of electrons exchanged in the reaction (in this case two) and F is the Faraday constant. By the Avogadro's number, one can also calculate the total number of molecules adsorbed on both electrodes. Relevant results are listed in Table 1 . Both charge and number of moles are larger for the AuNPs-NEE; this confirms the possibility to immobilize larger amounts of electroactive molecules (almost four times higher) onto the AuNPs-NEE, with respect to a "conventional" 2D NEE.
PMA is a Keggin-type heteropoly anion characterized by a spherical structure with size of about 1 nm, which adsorbs through the formation of a monolayer [24] [25] [26] . For simplification, we considered this polyoxometalate as a sphere with d01 nm, therefore with a cross area of approximately 0.78×10 −14 cm 2 . From suitable calculation, the surface of the ensemble coated by the PMA molecules results to 2.3× 
These values can be used to estimate the roughness factor, ρ, defined as [22] :
where A m is the "microscopic" or "true" area and A p is the "projected" area, i.e., the area corresponding to a suitable (flat) cross-section of the metallic surface of the electrode (ensemble).
In the case of the AuNPs-NEE, the roughness factor can be evaluated as the ratio between the electrode surface measured (as described above) from the charge required for reducing the PMA adsorbed on the AuNPs-NEE and the area measured by reducing PMA adsorbed on the NEE. From the above figures, the calculated ρ value is, approximately, 3.4.
Simple geometrical considerations indicate that such a roughness factor is achieved when, in average, five AuNPs are bound to the outer surface of each nanoelectrode. This seems a reasonable value, taking into account that the measured diameter for our nanoelectrodes [27] and nanoparticles are 50 and 16 nm, respectively. Use of AuNPs-NEEs for DNA-hybridization detection Tests aimed at verifying the use of these devices as platforms to produce electrochemical biosensors were performed. The procedure consisted in the direct immobilization of thiolated oligonucleotides (SHD1) directly onto the metal surfaces of a 2D and a 3D NEE and the subsequent hybridization with complementary target sequences conjugated with GOx (i.e., D2-GOx, see the "Experimental" section).
A blocking step with thiols is often carried out between the immobilization of ssDNA onto the electrodic surface and the hybridization with the target. This procedure is used both, to prevent any non specific adsorption of the target labeled with enzymes and to favor a higher accessibility of the probes bound to the Au surface [28] .
In a previous paper [29] , the effect of 6-mercaptohexanol (MCH) concentration on both the conformation of singlestranded DNA on AuNPs surface and the hybridization efficiency was studied. It was shown that a MCH concentration >0.1 mM caused a significant displacement of thiolated DNA from the metal surface of the nanoparticles but, although the oligonucleotides were partly removed, the capacity for hybridization was enhanced.
In our case, the introduction of the blocking step, carried out by immersion (1 h) of the electrode into a 1 mM MCH solution in TE buffer, 1 M NaCl, did not show any effect on the electrocatalytic signals (data not shown). Note that in our experimental conditions, it is not possible to understand whether probe displacement and improved hybridization efficiency compensate each other. Anyway, since we did not observe any net change, we decided to proceed with the simplest procedure, which is avoiding the addition of MCH. Figure 7 shows the comparison between the results obtained with the SHD1 functionalized 2D NEE (Fig. 7a) and the AuNPs-NEE (Fig. 7b) after hybridization with the GOx labeled target, in the absence (full lines) and presence of glucose (dashed lines); the measurements were performed in deoxygenated 10 mM PBS (pH07), containing 0.1 mM FA + , added as soluble redox mediator to shuttle electrons between the nanoelectrodes and the enzyme label.
In the absence of glucose, the CV patterns recorded at both NEEs are characterized by the reversible one-electron oxidation of FA + , in the forward scan, which is reduced back to the initial state in the backward scan [16] . In the presence of 0.05 M glucose (dashed lines), the curve shape changes significantly, with more dramatic changes occurring at the AuNPs-NEE: the oxidation peak increases, tending to become sigmoidally shaped, while the reduction peak disappears.
The voltammogram shape, typical for a redox-mediated electrocatalytic process, indicates that, in the presence of both the enzyme and substrate, the following electrocatalytic cycle is operative: where the oxidation (7) takes place at the nanoelectrode/ solution interface.
It is important to note that, with NEEs modified only with the probe sequences (i.e., without any hybridization with the complementary strands conjugated with GOx), no catalytic signal was observed (data not shown). Figure 7 clearly puts in evidence that the catalytic current is dramatically higher at the AuNPs-NEE, displaying a two times higher current increase in the presence of glucose than that recorded with the conventional 2D NEE after hybridization. Figure 8 shows the dependence of the oxidation peak current values relative to both NEEs, at increasing glucose concentrations, for triplicate measurements. The maximum current is recorded at glucose concentrations equal or higher than 0.01 M. The comparison puts in evidence that the plateau current reached at the AuNPs-NEE is twice that of the 2D NEE.
The higher catalytic current obtained at the AuNPs-NEE is an indication of a more efficient DNA immobilization and hybridization favored by both the larger surface area and the nanostructuration of the NEE surface as a consequence of the deposition of the AuNPs. This agrees with a recent report by Kelley and coworkers [30] , who demonstrated that the nanostructuration of ultramicroelectrode surfaces can improve significantly the DNA hybridization efficiency. The higher catalytic effect recorded at the AuNPs-NEE is more evident if we plot ΔI p vs. glucose concentration (Fig. 9) . In this way, the anodic current peak value recorded at both NEEs, before the addition of glucose, is subtracted to the current measured in the presence of increasing concentrations of substrate.
For the AuNPs-NEE, the catalytic current increase is four times higher than the one at the 2D NEE.
All these results confirm that significantly higher amounts both of probe and of GOx-labeled complementary target are bound to the AuNPs-NEE as a consequence of the larger active area and nanostructuration of the surface.
Conclusions
The results of this study demonstrate that "conventional" NEEs can be successfully modified by the controlled binding of gold nanoparticles on their surface by exploiting the binding capabilities of bi-functional thiols such as cysteamine. Such a modification can be particularly useful in order to fabricate AuNPs-NEEs characterized by increased sensitivity to be used for advanced sensing or biosensing applications. According to the presented procedure, no physical or chemical etching of the polycarbonate of the NEEs is required to obtain 3D structures. In addition to simplifying the experimental procedure to obtain the 3D NEEs, avoiding the etching means avoiding the excessive (and difficult to control) increase of the active area (and double-layer charging current) often associated to the etching itself [7] . The two most widely used etching procedures, i.e., O 2 plasma and chemical etching with dichloromethane, cause indeed the loss of the sealing between the PC membrane and the gold nanofibers [7] making the increase of the active area difficult to control.
It is also important to note that these electrodes maintain an "ensemble" structure, consequently keeping all the advantages typical of such a geometry. Moreover, our results show that both the AuNPs and the SAM of cysteamine do not block the electron transfer between electroactive analytes (in this case the redox mediator FA + ) and the underlying nanoelectrodes.
Finally, the experiments reported here put in evidence that AuNPs-NEEs, after functionalization with biorecognition layers, can be used as efficient electrochemical biosensors with improved sensitivity with respect to 2D NEEs.
